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INTRODUCTION 39
In the United States, the Corporate Average Fuel Economy (CAFE) standards have specified a 40 minimum fuel economy of 37.8 mpg by 2016 1,2 , with similar fuel economy regulations set in 41
Canada and Europe. The CAFE standard will continue to increase by 5% per year until 2025, when 42 minimum fuel economy must exceed 55 mpg. In response to these stringent regulatory 43 requirements on passenger vehicle fuel economy, automobile manufacturers have been 44 increasingly turning to gasoline direct injection (GDI) engines, which offer up to a 25% 45 improvement in fuel economy compared to port fuel injection (PFI) engines 3 . Market share of GDI 46 vehicles is increasing rapidly; between model years 2009 and 2014 there was a ten-fold increase 47 in GDI engine sales 4 , and it is projected that in 2016 the market share of new light-duty vehicles 48
with this technology will exceed 50% 5 . 49
50
Compared to PFI-equipped vehicles, GDI-equipped vehicles emit substantially more particulate 51 matter (PM) 6-9 due to incomplete fuel volatilization causing fuel impingement on cylinder and 52 piston surfaces and incomplete fuel mixing with air resulting in pockets of fuel rich combustion. 53
Particle size distributions from GDI engine exhaust have generally been observed to be either 54 bimodal [10] [11] [12] [13] , unimodal 9,14-16 , or vary 7,17 depending on factors such as engine operation, ethanol 55 fuel content, and fuel injection system. Of the observed bimodal size distributions, the smaller 56 mode is typically <25 nm and has been proposed to be dominated by soot cores 11, 18 or semi-volatile 57 nucleation particles 13, 19 ; however, their composition remains highly uncertain. There is stronger 58 consensus that the larger mode, typically 40-100 nm, is composed of agglomerated soot particles 59 with adsorbed semi-volatile material that has condensed. 60 and to calculate vehicle EFs. As part of this protocol, pollutant signals were time synchronized, 151 and we considered only plumes with a minimum time-integrated peak area of 20 mg C-s m-3. 152
Plumes shorter than 10 s or with an average carbon content less than 2 mg C m -3 were rejected. 153
Instrument sensitivities were calculated from the measured signal during vehicle-free periods. 154
Measured plumes with pollutant signals below this sensitivity (i.e., CO 2 signal but no significant 155 pollutant signal) were classified as "below threshold" (BT) and were calculated using the effective 156 sensitivity in the numerator of Equation (1). A detailed discussion of calculating instrument 157 sensitivity and applying instrument sensitivity to EF calculations is provided in Wang et al. 32 For 158 above threshold (AT) pollutant signals, fuel-based EFs were calculated according to Equation (1). 159
Where EF P is the fuel-based emission factor of pollutant P (in g, mg, or particle number) per kg of 161 fuel burned assuming ambient conditions (25°C, 101.325 kPa). In equation (1), ΔP, ΔCO 2 , and 162 ΔCO are the background subtracted concentrations integrated across the plume duration, and w c is 163 the weight fraction of carbon in gasoline fuel (assumed w c = 0.86). 34 For the "roadside site" no CO 164 measurement was available, and as such the CO term was removed from equation (1); however, 165 the bulk of the fuel carbon is assumed to be converted to CO 2 and the calculated CO 2 :CO ratio at 166 the near-road site exceeded 1000. Additionally, the GDI vehicles were recent models all with very 167 low mileage (<50,000 km) expected to produce a very low CO signal because of the young catalyst. 168
While the Honda CR-V was not a recent model, near-road (15 m) CO emissions were detected 169 from less than 30% of the plumes at levels at or below the fleet average calculated in Wang et al. 
RESULTS AND DISCUSSION 196

Emission Factor Detection and Classification 197
Plume capture was defined based on total CO 2 within the plume. If a pollutant concentration in a 198 captured plume was below the effective instrument thresholds (see Table S3 Seasonal differences in EFs were found to be of greater significance than differences in vehicle 211 operation and vehicle ID, thus EFs were averaged across all driving conditions. A Welch's two-212 sided t-test for differences between driving conditions (see Supporting Information, Table S7 ) 213 indicated that differences in emission factors by driving condition were largely statistically 214 insignificant. While there is consensus that driving condition should impact vehicle emission 215 factors, the small sample size for each driving condition and high degree of variability from the 216 single vehicle real-world measurement method did not allow for a meaningful assessment of theimpact of vehicle operation. Additionally, there was little difference in the shape of the plume-218 averaged particle size distributions for each of the vehicle operating conditions (provided in the 219 Supporting Information). 220
Emission Factors at the Near-Road (15 m) Site 221
The above threshold and combined (above threshold and below threshold) EFs from the near-road 222 PN EFs were 48% higher in summer 2014. This is potentially due to the seasonal changes in fuel 236 formulation (i.e., summer grade vs winter grade) to achieve a target Reid vapor pressure. In 237 summer grade fuel, the volatility is reduced by replacing n-butane with heavier alkanes and 238 aromatic hydrocarbons including toluene. 42, 43 Increasing gasoline fuel aromatic content has beenshown to increase soot formation in engine laboratory studies. For example, doping commercially-240 available fuel with 10% toluene resulted in a 112% increase in BC concentration 44 and increasing 241 fuel aromatic content from 15% to 25% resulted in a 78% and 169% increase in BC and PN 242 emissions, respectively. 45 In this study, BTEX emissions, especially ethylbenzene-xylenes, were 243 elevated in the exhaust in summer 2014 relative to spring 2014 and above detection threshold 244 levels of toluene were detected in the plumes 20% more often relative to other seasons (see Focus with a third generation GDI vehicle would result in a 23% and 13% improvement in city 277 driving fuel economy, respectively 55-57 . However, the observed increases in BC, BTEX, and in 278 some seasons PN with the GDI vehicle used in this study relative to the current Toronto fleet is 279 expected to outweigh the benefits from improved fuel economy. 280 281
Near-road vs. Roadside Particle Number Emission Factors 282
For the GDI vehicle, PN emission factors were found to exhibit a strong degree of spatial 283 variability. Mean PN EFs at 15 m from the roadway were up to 300% higher than EFs at 1.5 m 284 from the roadway (Figure 2 ). This micro-scale spatial variability was highest in the winter and the competing effects of evaporation in the warmer weather. This is in contrast to the upper mode 330 region (40-100 nm), where the near-road PN EFs were higher between 3 and 15 m from theroadway for the spring and summer campaigns but with no net change in the shape of the 332 distribution. This could be affected by seasonal differences in background semi-volatile compound 333 concentrations; however, these were not measured and thus this finding remains unclear. 334
Thermodenuded particle size distributions (Supporting Information Figure S7 ) were generally 335 bimodal with modes at 10 and 25 nm, suggesting the semi-volatile components within the exhaust 336 or in the background air may strongly influence the final measured size distribution. 337
338
Considering the sub-40 region separately there may be two possible effects on PN EFs: (1) rapid 339 growth of small particles below instrument detection limits (<5 nm) via condensation of low 340 volatility gases to form new sub-40 nm particles and (2) coagulation of particles resulting in 341 particle growth and a less distinct bimodality. The latter mechanism is unlikely due to the small 342 coagulation coefficient between two sub-6 nm particles; while these very small particles have high 343 velocities, the probability of collision is low due to their limited cross-sectional area. 58 In order for 344 the former effect to be true, a substantial concentration of exhaust particles below the instrument 345 cut off (6 nm) are required as a core for condensational growth. A recent study demonstrated that 346 2 nm amorphous carbon particles are readily formed at flame temperatures in the GDI combustion 347 chamber 59 , potentially acting as condensation nuclei and influencing gas-particle partitioning. conclude that all gasoline vehicles emit primary organic aerosol with a similar volatility 359 distribution, the GDI vehicle included in their study was excluded from the reported volatility 360 distribution due to contamination of the dynamic blanks, thus the differences in volatility 361 distribution between PFI and GDI vehicles remains unclear. In this study, comparing winter 2014 362 and spring 2014 near-road PN EFs, there was a statistically significant increase from spring to 363 winter of 125% for the GDI vehicle (p=0.022), while the observed increase in PN EF from the PFI 364 vehicle was not statistically significant (p=0.18). Assuming this increase is primarily due to 365 condensation, the larger relative increase with the GDI vehicle suggests a greater degree of gas-366 particle partitioning for the GDI vehicle in the near-road region compared to PFI. In the Supporting 367
Information, the concentration of organic vapor needed to achieve the observed GDI PM growth 368 rates is explored; however, the mechanism for the observed near-road dynamics remains unclear. 369
As such, future studies of GDI PM particle formation and growth mechanisms are recommended 370 to better understand our findings. 371 suggests that as GDI vehicle market penetration increases, there may be negative impacts on local 406 air quality, especially in urban environments near roadways. The observed near-road PN dynamics 407 were unique to GDI vehicles, as the same effects were not observed for heavy-duty diesel garbage 408 trucks or a PFI-equipped vehicle. From comparing GDI vehicle size distributions at different 409 distances from the roadway, rapid particle growth of sub-5 nmcores due to condensation of low 410 volatility organic gasses is proposed to be the dominant growth mechanism in GDI vehicle exhaust. 411
Given the rapid integration of GDI-equipped vehicles, understanding the impacts of GDI vehicles 412 on local and regional air quality presents a significant measurement challenge, because exhaust 413 PN and BTEX concentrations were found to be strongly influenced by meteorological conditions. 414 Additionally, the current European regulatory practice for quantifying exhaust PN, which only 415 considers non-volatile PN larger than 23 nm, appears to be ill-suited to this exhaust type; PN EFs 416 with no thermal pretreatment were approximately an order of magnitude larger than non-volatile 417 PN laboratory measurements. Furthermore, the dynamics investigated in this study were limited 418 to 15 m from the roadway. Understanding the fate of GDI vehicle exhaust beyond 15 m remains 419 an important research question, and the potential for GDI vehicle exhaust to form secondary 420 organic aerosol relative to PFI vehicle exhaust is currently unknown. Going forward, there is a 421 need to explore GDI emissions from more vehicles to better quantify the effect on vehicle fleet 422 emissions, and to understand the longer term behaviour of GDI vehicle exhaust in real-world 423 settings through more detailed experiments, aerosol aging studies, and micro-scale modelling. 424
